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De-Etiolated 1 and Damaged DNA Binding
Protein 1 Interact to Regulate
Arabidopsis Photomorphogenesis
ogy to make optimal use of the available solar resources.
In the course of their life cycle, plants are sensitive to
the direction, intensity, color, and duration of light. The
response of germinating seedlings to light is particularly
dramatic. Seedlings grown in the dark are etiolated, with
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2 Howard Hughes Medical Institute long hypocotyls (embryonic stems) and closed cotyle-
dons (embryonic leaves). In contrast, seedlings grownThe Salk Institute for Biological Studies
La Jolla, California 92037 in the light have short hypocotyls and open cotyledons
that become photosynthetically competent. This re-
sponse allows seedlings germinating beneath the soil
to reach the surface without shearing off the fragile coty-Summary
ledons, then initiate photoautotrophic physiology as
soon as possible after reaching the light.Background: Plant development is exquisitely sensitive
Genetic screens have utilized these seedling pheno-to light. Seedlings grown in the dark have a develop-
types to identify components of light signal transductionmentally arrested etiolated phenotype, whereas in the
pathways. Screens for plants that are impaired in theirlight they develop leaves and complete their life cycle.
ability to perceive light, and thus are constitutively tall,Arabidopsis de-etiolated 1 (det1) mutants develop like
have identified mutants in positive signaling compo-light-grown seedlings even when grown in the dark.
nents. These include the photoreceptors phyA-E andDET1 encodes a nuclear protein that appears to act
cry1-2, which absorb light of various wavelengths anddownstream from multiple photoreceptors to regulate
initiate signaling [2]. The complementary screen, formorphogenesis and gene expression in response to
seedlings with short hypocotyls and open cotyledonslight. However, its function has remained unknown.
in the dark, identified a class of mutants referred toResults: We used microarrays to examine defects in
as de-etiolated (det) [3], constitutive photomorphogenictranscription in dark-grown det1 seedlings. We found ex-
(cop) [4], or fusca (fus) [5, 6] because null alleles of thesetensive changes in gene expression, including many of the
genes contain high levels of anthocyanin and die astranscriptional responses observed in light-treated wild-
seedlings. This det/cop/fus class of mutants, of whichtype seedlings. We used an epitope-tagging approach
there are currently eleven loci, exhibit ectopic expres-to determine the basis of DET1 function. GFP-DET1 res-
sion of light-regulated genes and plastid developmentcues the det1 phenotype, is localized to the nucleus,
in the dark [7]. The det/cop/fus mutants are recessiveand forms an approximately 350 kDa complex, which is
and epistatic to the photoreceptor mutants and thus arerequired for full DET1 activity. We affinity-purified the
thought to act as downstream negative regulators ofDET1 complex and identified an approximately 120 kDa
the photomorphogenetic program.copurifying protein that is the plant homolog of UV-
Many of the DET/COP/FUS genes have been cloned.Damaged DNA Binding Protein 1 (DDB1), a protein impli-
COP1 is a ring finger WD40 repeat protein [8]. Ring fingercated in the human disease xeroderma pigmentosa. A
proteins have recently been found to act as E3 ubiquitinnull mutation in Arabidopsis DDB1A results in no obvi-
ligases and, in fact, when COP1 is localized to the nu-ous phenotype on its own, yet it enhances the phenotype
cleus in the dark, it appears to target transcription fac-of a weak det1 allele.
tors for ubiquitin-mediated degradation [9]. Also in thisConclusions: DET1 and DDB1 interact both biochemi-
mutant class are the components of the COP9 signalo-cally and genetically. In animal cells, DDB1 interacts
some, a complex conserved throughout eukaryotes,with histone acetyltransferase complexes. The DET1/
which has similarity to the 19S lid of the proteasomeDDB1 complex may regulate gene expression in re-
and has been shown to remove the ubiquitin-like moietysponse to light via recruitment of HAT activity. Thus,
NEDD8/RUB1 [10]. Recently, COP10 has been clonedDET1, whose sequence is conserved in both animals
and found to encode a E2 ubiquitin-conjugating enzymeand plants, may play a direct role in the regulation of
variant [11]. Thus, the COP genes appear to regulatemany genes.
photomorphogenesis at least in part via protein degra-
dation.
Introduction Dark-grown de-etiolated 1 (det1) mutants resemble
light-grown plants [3]. Whereas null alleles of det1 die
Light influences many aspects of plant development [1]. as seedlings, intermediate-strength alleles survive and
Plants are immobile, so they must adapt their morphol- exhibit a range of phenotypes as adults, including dwarf
stature, pale color, reduced apical dominance and fertil-
3 Correspondence: chory@salk.edu ity, daylength-insensitive flowering, and the ectopic ex-
4 Present address: Institut fu¨r Allgemeine Botanik, Universita¨t Ham- pression of light-regulated genes in roots [12]. Thus,
burg, 22609 Hamburg, Germany. DET1 appears to be involved in the accurate integration5 Present address: Biology Department, University of North Carolina-
of a variety of environmental and developmental cues.Chapel Hill, Chapel Hill, North Carolina 27599.
DET1 encodes a 62 kDa nuclear protein of unknown6 Present address: Department of Genetics, North Carolina State
University, Raleigh, North Carolina 27695. function [13].
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Figure 1. DET1 Affects the Expression of Many
Light-Regulated Genes
(A) Genes over- or underexpressed by more
than 3-fold in dark-grown det1 relative to dark-
grown wild-type are compared with genes in-
duced or repressed in the wild-type by light
treatment of dark-grown seedlings. See Table
S1 in the Supplementary Material for details.
(B) Genes induced or repressed by light treat-
ment of dark-grown det1 are compared to
those induced or repressed by light treatment
in the wild-type. See Table S1 for details.
(C) RNA abundance of some known light-
responsive genes in the wild-type and det1.
In this paper we characterize the cellular and bio- nearly a thousand genes of the 8300 on the microarray
were found to be over- or under-expressed by morechemical properties of DET1 by using an epitope-tag-
ging approach. We show that the functional form of than 3-fold in det1 relative to the wild-type, suggesting
that DET1 has broad effects on the regulation of tran-DET1 is an approximately 350 kDa complex and that
this complex contains the plant homolog of Damaged scription. When the transcriptional changes in dark-
grown det1 were compared with the changes in geneDNA Binding Protein 1 (DDB1), a protein originally identi-
fied because of its role in the human disease xeroderma expression induced by light treatment of the wild-type,
substantial overlap was observed (Figure 1A). Nearlypigmentosa. We show that the Arabidopsis ddb1a mu-
tant enhances the det1 phenotype and, finally, propose half of the changes in gene expression induced by light
treatment of the wild-type occurred in det1 grown in thea model for DET1 function whereby DET1 and DDB1
regulate the expression of hundreds of genes via an dark. Finally, we compared the effects of light treatment
on det1 and wild-type seedlings (Figure 1B). We foundinteraction with chromatin.
that the majority of changes in gene expression induced
by light treatment of the wild-type no longer occurredResults
in det1, often because these changes already existed
in dark-grown det1. Among this class of genes that wereDET1 Regulates Light-Induced Gene Expression
found to be overexpressed in dark-grown det1 as wellBecause dark-grown det1 seedlings, with short hypo-
as induced by light in wild-type but not det1 seedlingscotyls and open cotyledons, resemble light-grown wild-
were several well-characterized light-regulated genes,type seedlings morphologically, we were curious to
previously shown to be expressed in dark-grown det1know to what extent they were similar at the level of
([12]; Figure 1C). Overall, these results support the hy-gene expression. Using microarrays for this analysis,
pothesis that DET1 plays a significant role in the tran-we compared gene expression in wild-type and det1-1
scriptional response to light. In addition, many genesseedlings that were grown in the dark for 3 days, then
that were overexpressed in dark-grown det1 were notexposed to white light for 0, 30, 60, or 180 min. The
induced by light (Figure 1A), and many genes respondedtiming of light exposure was based on experiments with
to light in det1 but not in the wild-type (Figure 1B). Thesewild-type seedlings. The time points chosen cause dif-
unique changes could simply be due to differences inferent levels of visible de-etiolation when seedlings are
timing; the det1 seedlings may be effectively behavingreturned to the dark and checked for cotyledon opening
like three-day-old “light-grown” seedlings, whereas theand greening 24 hr later. Light exposure for 30 min re-
wild-type were only treated for three hours. Alternatively,sulted in no open cotyledons 24 hr later. Exposure for
they may reveal a role for DET1 in additional transcrip-1 hr resulted in a mix of seedlings, some with, but most
tional responses.without, a cotyledon opening response. After being
given 3 hr of light exposure, almost all seedlings showed
open and green cotyledons 24 hr later. Analysis of DET1 Structure/Function
The DET1 sequence is conserved throughout higher eu-When expression levels were compared in dark-
grown (no light treatment) wild-type and det1 seedlings, karyotes. The deduced Arabidopsis DET1 is 74% identi-
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Figure 2. GFP-DET1 Rescues the det1 Phenotype, Is Localized to the Nucleus, and Forms an Approximately 350 kDa Complex
N- and C-terminal DET1 sequences are required for the above properties.
(A) Alignment of Arabidopsis DET1 (At  NP_192756) with its tomato (Le  CAA10993), rice (Os  BAB16336), human (Hs  translated from cDNA
AK054603), and Drosophila (Dm NP_524784) homologs. Identical residues are shaded. Asterisks indicate the sites of det1-4 (58G-R) and det1-5
(519-521) mutations. Horizontal bars overlay bipartite nuclear localization signals, and vertical bars indicate sites of 36, 70, and 117 C-terminal
truncations.
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cal to its tomato homolog, 67% to rice, 29% to human, we engineered a series of C-terminal truncations of 36,
70, and 117 amino acids into the GFP-DET1 constructand 20% to Drosophila (Figure 2A). det1 mutants have
also been identified in tomato (high pigment [hp]-2) [14] (Figure 2A). In addition, we also introduced the molecular
lesions introduced by two other intermediate det1 al-and Drosophila (abnormal oocyte [ABO]) [15]. Despite
the existence of these mutants in multiple species, the leles, det1-4 (58G-R) and det1-5 (3AA 519-521) [13],
into GFP-DET1 to determine the basis of their reducedbiochemical function of DET1 remains unclear. The only
obvious motifs in the primary sequence are a pair of function. When these five constructs were transformed
into det1-1, only GFP-DET1-4 showed any degree ofbipartite nuclear localization signals (horizontal bars in
Figure 2A). Using an epitope-tagging approach to char- rescue; this construct restored hypocotyl length but not
cotyledon closure in dark-grown seedlings (Table 1).acterize the DET1 protein, we attached a green fluores-
cent protein (GFP) tag to the N (GFP-DET1) or C (DET1- Western blotting of extracts from these transgenic
plants showed that GFP-DET136, GFP-DET170, andGFP) terminus of DET1. These constructs were then
used to transform the intermediate det1-1 allele (a splice GFP-DET1-5 failed to produce significant amounts of
stable protein (summarized in Table 1; our unpublishedsite mutation that results in approximately 2% of the
full-length message) [16]. As shown in Figure 2B, GFP- data), explaining their inability to rescue det1-1. These
are all C-terminal modifications, supporting a role forDET1 was able to fully rescue the det1 dark phenotype,
resulting in long hypocotyls and closed cotyledons. In the C terminus in protein stability. det1-5 has a similar
phenotype to det1-1 [13], which produces approxi-contrast, DET1-GFP was only partially functional; it res-
cued hypocotyl length but not cotyledon opening. We mately 2% wild-type message [16], so perhaps det1-5
results in a comparable amount of functional protein.used fluorescence microscopy to examine fusion pro-
tein localization. GFP-DET1 was found to be predomi- GFP-DET1117 and GFP-DET1-4 produced detectable
amounts of tagged protein and so were characterizednantly nuclear, whereas DET1-GFP was detected in both
the nuclei and the cytoplasm (vacuoles occupy the inte- further. Similar to DET1-GFP, GFP-DET1117 was de-
tected both in nuclei and in cytoplasmic strands (Figurerior of plant cells, so faint cytoplasmic fluorescence is
most easily seen in the cytoplasmic strands of small 2C). Plants displaying a det1 phenotype, including par-
tially rescued plants, exhibit endogenous fluorescence,cells such as endosperm) (Figure 2C). The availability
of commercial anti-GFP antibodies also allowed us to particularly in vesicle-like structures around the nucleus.
No significant nuclear localization of GFP-DET1-4 coulduse GFP as a biochemical tag. Western blots of extracts
derived from transgenic plants on standard SDS-PAGE be detected above this background fluorescence, but
it could be seen in cytoplasmic strands (Figure 2C). Gelshowed that both proteins were full length, with GFP-
DET1 appearing to be slightly more stable and of higher filtration analysis indicated that GFP-DET1117 was still
able to form an approximately 350 kDa complex,mobility than DET1-GFP (Figure 2D). This difference in
mobility may be due to a number of factors, including whereas GFP-DET1-4 formed a larger (700 kDa) com-
plex (Figure 2E). In summary (Table 1), the single aminodifferences in the shape of the two fusion proteins. Frac-
tionation of transgenic plant extracts on a gel filtration acid change introduced by the det1-4 mutation virtually
abolishes nuclear localization and 350 kDa complex for-column followed by SDS-PAGE and Western blotting
showed that GFP-DET1 is present primarily in an ap- mation, whereas the GFP-DET1117 truncation at least
partially maintains these properties despite its lack ofproximately 350 kDa complex, with some additional
higher-molecular-weight species, whereas DET1-GFP is intact nuclear-localization sequences. Failure of this
construct to rescue is presumably due to the absenceprimarily in an approximately 550 kDa complex (Figure
2E). In summary, GFP-DET1 resulted in full rescue of of some key functional domain in the DET1 C terminus.
Overall, these results further support the hypothesis thatdet1-1, nuclear-localization, and approximately 350 kDa
complex formation, whereas DET1-GFP resulted in par- nuclear localization and 350 kDa complex formation are
required for full DET1 function.tial rescue, partial nuclear localization, and approxi-
mately 550 kDa complex formation (Table 1). These re-
sults suggest that a nuclear-localized approximately 350 Light Regulation of the DET1 Complex
These studies suggested to us that the 350 kDa complexkDa complex is the functional form of DET1 and that
the addition of a C-terminal GFP tag interferes with these was worth characterizing further. However, despite its
utility as a marker of cellular localization, the GFP tagproperties.
To further analyze the function of the DET1 C terminus, was not an ideal biochemical epitope in this instance –
(B) Rescue of det1-1 de-etiolated phenotype by GFP-DET1 fusion proteins. Representative dark-grown seedlings show rescue of both hypocotyl
length and cotyledon opening phenotypes by GFP-DET1 and rescue of hypocotyl length but not cotyledon opening by DET1-GFP.
(C) GFP-DET1 fusion protein localization. GFP fluorescence in dark-grown hypocotyls and endosperm cells is shown. Significant nuclear localization
is observed with GFP-DET1, and lower levels are observed with DET1-GFP and GFP-DET1117. No nuclear localization of GFP-DET1-4 was
observed above background. In endosperm cells, GFP-DET1 is predominantly nuclear, whereas DET1-GFP, GFP-DET1117, and GFP-DET1-4 can
be observed in cytoplasmic strands. Untransformed det1-1 cells contain autofluorescent vesicles that accumulate in the cytoplasm, including
around the nucleus. All images are at 100 magnification except for the lower left panel, which is at 150.
(D) Western blot of GFP-DET1 fusion proteins in extracts of Col-0 wild-type and two independent transformed lines per construct, probed with
-GFP polyclonal (Clontech).
(E) Complex formation in GFP-DET1 transgenic lines. Extracts of light-grown transgenic seedlings were fractionated by gel filtration and then blotted
and probed with an -GFP antibody. Fraction numbers along with molecular size standards are indicated at the top. The black arrow shows the
approximately 350 kDa complex correlating with DET1 activity; the white arrowhead indicates the GFP-DET1117 complex.
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Table 1. DET1 Structure/Function Summary
Construct det1-1 Rescue (n)a Protein Level Complex (kD) Dark Localizationb
GFP-DET1 4.6  0.5 (11)  350 N
DET1-GFP 3.6  0.3 (11)  550 N/C
GFP-DET36 1.1  0.3 (7) () nd
GFP-DET70 1.1  0.2 (12) nd nd
GFP-DET117 1.0  0.0 (2)  (350) N/C
GFP-DET1-4 2.7  0.7 (3)  700 C
GFP-DET1-5 1.0  0.0 (9) () nd
nd  not detectable.
a Mean rescue score of n transformed lines/construct where 1 no rescue, 3  hypocotyl but no cotyledon rescue, and 5  full rescue 
95% confidence limits.
b N  nuclear; C  cytoplasmic.
commercial anti-GFP antibodies detected significant tobacco protein, we excised the copurifying band and
analyzed it with MALDI mass spectrometry. This tech-background in Arabidopsis extracts, and the GFP-DET1
signal was never very robust, even when overexpressed nique accurately measures the masses of tryptic pep-
tides of an unknown protein. These peptide masses arefrom a strong (CaMV 35S) promoter. In contrast, an
N-terminal 6xMyc-DET1 fusion protein resulted in det1 then compared with the theoretical peptide masses of
tryptic digests of proteins predicted by the sequencerescue (our unpublished data) and increased signal
strength with virtually no background, so it was used database. Because little tobacco sequence is available,
identification of the 120 kDa protein requires that itsfor further biochemical studies. Like GFP-DET1, Myc-
DET1 was detected primarily in an approximately 350 peptide masses match those of a homolog in a se-
quenced species such as Arabidopsis [18] or rice [19,kDa complex, regardless of whether the source seed-
lings were grown in the light or the dark (Figure 3A). 20]. Peltier et al. [21] set the following criteria for unam-
biguous cross-species identification. Within a stringentIn addition, no significant light/dark differences were
detected in Myc-DET1 abundance (relative to total pro- 15 ppm deviation in mass, at least four nonoverlapping
peptides must account for at least 15% of the sequencetein) or in protein charge, as assayed on isoelectric fo-
cusing gels (our unpublished data). Also GFP-DET1 was of the identified protein. In our analysis, a single protein,
an Arabidopsis homolog of UV-Damaged DNA Bindingnuclear localized in both light and dark (our unpublished
data). Thus, the basis of light regulation of DET1 function Protein 1 (DDB1A), exceeded these standards (Table
2). The rice DDB1 and a second Arabidopsis homolog,is still unclear.
DDB1B, were also close matches to the tryptic masses
determined from the unknown protein. Finally, the 121
Purification of the DET1 Complex
kDa mass of DDB1 agrees well with the estimated mass
We wanted to identify the components of the DET1 com-
of the unknown protein. Thus DET1 copurifies with the
plex, but large-scale biochemical purification from Ara-
plant homolog of DDB1.
bidopsis was not possible because the abundance of
DDB1 is a highly conserved protein (Figure 4). Arabi-
even the overexpressed Myc-DET1 decreased with plant
dopsis DDB1A is 83%, 55%, 49%, and 24% identical to
age. Therefore we introduced the Myc-DET1 transgene
its rice, human, Drosophila, and S. pombe homologs.
into tobacco Bright Yellow 2 (BY-2) cells, where it could
The DDB1 primary sequence does not contain any
be continually expressed in a uniform population of cells
known functional motifs, although it has been proposed
grown to large volumes [17]. BY-2-cell-expressed Myc-
to form several -propeller structures [22]. Although
DET1 still formed an approximately 350 kDa complex (Fig-
DDB1 was initially identified as a component of a UV-
ure 3A). In contrast, baculovirus-produced DET1-His-
Damaged DNA Binding activity (UV-DDB) absent in a
Strep was detected only as a monomer (Figure 3A). This
subset of xeroderma pigmentosa patients [23, 24], its
result suggested that the 350 kDa complex is not simply
role in nucleotide excision repair is unclear [25, 26].
a DET1 multimer and that Arabidopsis DET1 may interact
Vertebrate UV-DDB has also been shown to interact with
specifically with other plant proteins.
a variety of cell cycle proteins [27, 28], viral factors [29,
To purify these additional plant proteins, we incubated
30], and chromatin remodeling complexes [31–33]. De-
extracts of Myc-DET1-transformed BY-2 cells with
spite all these biochemical interactions, no genetic role
-Myc beads, washed them extensively, and then the
has been described for DDB1 in animals.
complex was eluted at low pH. Complex elution was
followed by an-Myc Western blot (Figure 3B). Coomas-
sie Blue staining of the eluted fractions always detected Analysis of Arabidopsis DDB1 Homologs
Arabidopsis appears to be one of the few organismsan approximately 120 kDa protein with the same elution
profile as Myc-DET1 (Figure 3B). This protein was never with two functional copies of the DDB1 gene, At DDB1A
and At DDB1B. Expressed sequence tags (ESTs) havedetected when the same experiment was performed
with untransformed BY-2 cells (our unpublished data). been detected for DDB1A in roots, siliques, adult aer-
ial tissue, and seed, and for DDB1B they have beenThese results were obtained at least a dozen times in
both large- and small-scale preparations. detected in adult aerial tissue [34]; DDB1A TC121581,
DDB1B  TC111422). In order to examine DDB1’s roleTo determine the identity of this unknown 120 kDa
DET1 and DDB1 Regulate Photomorphogenesis
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Figure 3. Myc-DET1 Also Forms an Approximately 350 kDa Complex, which Contains an Approximately 120 kDa Protein
(A) Myc-DET1 forms an approximately 350 kDa complex (arrow) in extracts derived from light-grown Arabidopsis seedlings, dark-grown Arabidopsis
seedlings, and tobacco BY-2 cells. Blots were probed with -Myc polyclonal (Santa Cruz). In contrast, DET1 produced by baculovirus in insect
Sf9 cells forms a monomer. The blot was probed with peroxidase-labeled Strepavidin (KPL).
(B) Myc-DET1 complex purification from tobacco BY-2 cells. Extracts of transgenic cells were incubated with -Myc beads (Convance), washed,
and then eluted at low pH. The left panel shows an -Myc Western blot, and the right panel shows the Coomassie Blue-stained gel. Arrows indicate
the primary copurifying band of approximately 120 kDa and Myc-DET1.
in Arabidopsis, particularly with respect to light signal- light, the double mutants had shorter hypocotyls, smaller
cotyledons, and higher levels of anthocyanin than det1,ing, we used reverse genetics to knockout DDB1A and
DDB1B function. We used PCR to screen for T-DNA all consistent with enhancement of the det1 phenotype
(Figure 5B, Table 3). Light-grown det1 seedlings areinsertions in the genes, and knockout lines of both
DDB1A and DDB1B were obtained. Loss of DDB1B ap- pale, and the double mutants were even paler, as deter-
mined by analysis of chlorophyll content (Table 3). det1pears to be lethal; plants heterozygous for a T-DNA
insertion in DDB1B produce no viable homozygotes (our mutants not only underproduced chlorophyll but they
also did so with a higher chlorophyll A/B ratio than theunpublished data), suggesting that DDB1B performs
some key function in reproduction or embryogenesis. wild-type, consistent with previously described light ac-
climation defects [35]. Interestingly, this was the onlyIn contrast, homozygous loss of DDB1A results in no
obvious visible phenotype. Although DDB1A and examined det1 phenotype that was not enhanced by
the ddb1a mutation; instead, det1 ddb1a mutants exhib-DDB1B are nearly identical at the amino acid level (91%;
Figure 4), the MALDI-MS data from the 120 kDa tobacco ited a lower chlorophyll A/B ratio than the wild-type
(Table 3). In adult plants, the ddb1a mutation enhancedDET1-interacting protein more closely matches that of
DDB1A (Table 2). To more closely examine the genetic det1’s dwarf stature and lack of apical dominance (Fig-
ure 5C, Table 3). In addition, the double mutants wereinteraction between det1 and ddb1a, we generated the
double mutant. infertile. To determine the basis of this infertility, we
examined double mutant flowers. The primary defect
appeared to be a lack of stamen elongation coupledddb1a Enhances det1 Phenotypes
with delayed pollen maturation. Upon examination ofThe det1 ddb1a double mutant exhibited enhancement
det1 flowers, we found that they had stamens that wereof virtually all det1 phenotypes examined (Figure 5, Table
shorter than those of the wild-type, although not to the3). When grown in the dark, the ddb1a single mutant
extent observed in the double mutant (Figure 5D). Thiswas indistinguishable from the wild-type, whereas the
may account for det1’s reduced fertility. The doubledet1 ddb1a double mutant was significantly shorter than
mutant flowers exhibited additional defects such as re-det1-1 alone (Figure 5A, Table 3). In addition, the double
duced sepal and petal size, aberrant ovule formation,mutant ectopically produced anthocyanin to a greater
and occasional homeotic transformation, such as stig-degree than det1 alone (Table 3). When grown in the
matal tissue on sepals (our unpublished data). Overall,
the ddb1a det1-1 double mutant behaved like a strong
det1 allele, although not as strong as the null allelesTable 2. Comparison of Peptide Masses of Unknown 120 kD
because these are seedling lethal, whereas the doubleProtein versus Known Proteins at 15  50 ppm Mass
Accuracy mutant survived to adulthood.
Number of Peptides/
Percent Coverage
Discussion
Mass (kD) 15 ppm 50 ppm
At DDB1A 121.3 19/19 24/23 We have determined that DET1 plays a significant role
Os DDB1 121.9 13/12 18/16 in light-regulated gene expression. In addition, we have
At DDB1B 121.1 10/11 13/13
shown that DET1 forms a functionally important com-
Current Biology
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Figure 4. DDB1 Is a Highly Conserved Protein
Alignment of Arabidopsis DDB1A (NP_192451) with Arabidopsis DDB1B (NP_193842), as well as homologs from rice (Os BAB20761), human (Hs 
DDB1_HUMAN), Drosophila (Dm  XP_081166), and S. pombe (Sp  NP_593580). Identical residues are shaded. Horizontal bars overlay peptides
identified at 50 ppm accuracy in tobacco DET1-interacting protein.
plex of approximately 350 kDa, that this complex con- length, suggesting that the different phenotypes may
be regulated by different biochemical forms of DET1.tains DDB1, and that mutation of DDB1A enhances the
det1 phenotype. Alternatively, hypocotyl length rescue may require unde-
tectable levels of nuclear 350 kDa DET1.
DET1 Structure/Function
Composition of the DET1 ComplexAnalysis of epitope-tagged DET1 has enabled us to
Based on Coomassie Blue-stained gels of the immu-characterize the functional properties of DET1 and de-
noaffinity-purified DET1 complex, DDB1 appears to betermine the molecular requirements for these properties.
the major component of the complex (Figure 3B). A com-Thus, based on the ability of GFP-DET1 to rescue the
plex composition of either two subunits each of DDB1det1 phenotype in both seedlings (Figure 2B) and adults
(121 kDa) and DET1 (62 kDa) or two DDB1, one DET1,(our unpublished data), we believe the behavior of GFP-
and additional smaller proteins would account for theDET1 reflects that of endogenous DET1. Also, although
approximately 350 kDa complex size. There is somethese studies were performed with a strong ubiquitous
evidence that DDB1 can interact with itself [36]. Baculo-promoter (CaMV 35S), no overexpression phenotype
virus-produced DET1, however, does not multimerizecould be detected in either the GFP- or Myc-tagged
(Figure 3A). To date we have been unable to definitivelylines (our unpublished data).
determine whether the DET1 complex contains any ad-Gel filtration analysis showed that GFP-DET1 exists
ditional smaller proteins.predominantly in an approximately 350 kDa complex
with additional higher molecular weight species,
whereas DET1-GFP is present primarily in an approxi- DDB1 in Animal Cells
DDB1 was originally identified as a component of a UV-mately 550 kDa complex. Interestingly, although the nu-
clear-localized 350 kDa complex appears necessary for Damaged DNA Binding activity (UV-DDB) absent in a
subset of xeroderma pigmentosa patients (XP-E) [23,full rescue of the det1 phenotype, including cotyledon
closure, the constructs with decreased nuclear localiza- 24]. The molecular lesions in these patients were subse-
quently mapped to DDB1’s binding partner, DDB2 [37,tion and increased complex size (DET1-GFP and GFP-
DET1-4) are still able to rescue seedling hypocotyl 38]. Further studies have indicated that UV-DDB is not
DET1 and DDB1 Regulate Photomorphogenesis
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Figure 5. ddb1a Enhances det1 Phenotypes
In all cases, representatives shown are, from left to right, wild-type
Col-0, ddb1a single mutant, det1-1, and det1-1 ddb1a double mutant.
(A) Dark-grown seedlings.
(B) Light-grown seedlings.
(C) Adults.
(D) Flowers. Arrow indicates unelongated stamen in double mutant.
part of the actual nucleotide excision repair (NER) ma-
chinery [25, 26] but contributes to the initial damage
response via damage recognition, factor recruitment,
and/or chromatin remodeling [39]. UV-DDB has also
been implicated in cell cycle progression via interaction
with E2F1 [27] and cullin4A [28]. DDB1 interacts with
a variety of viral proteins [29, 30] and the Alzheimer’s
amyloid precursor protein [40]. Recently, DDB2 was
found to interact with the histone acetyltransferase
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(HAT) protein CBP/p300 [33], and DDB1 and a related
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Figure 6. A Model for DET1 Function
In the dark, the DET1/ DDB1 complex binds the nonacetylated H2B tail, repressing transcription. Light stimulates DDB1/HAT interaction and results
in acetylation of the H2B tail, release of the DET1 complex, and upregulation of transcription.
protein, SAP130, were found to interact with the GCN5- Conclusions
We have shown that DET1, a protein involved in optimiz-type STAGA and TFTC HAT complexes [31, 32]. There
is a growing body of evidence supporting the role of ing the response of plants to visible light, interacts with
DDB1, a protein that protects humans from damagingchromatin modification during development in all organ-
isms, including plants [41]. The Arabidopsis genome UV rays. det1 plants are hypersensitive to light, and
thus it is intriguing to speculate that the roles of thesecontains homologs of GCN5-type histone acetyltrans-
ferases [42], so this DDB1/HAT interaction may be a proteins may have evolved from a common mechanism
of managing light stress.conserved method of regulating DNA accessibility.
A Model for DET1 Function
Experimental ProceduresWe have shown that DET1 forms a functionally important
complex of approximately 350 kDa, that this complex General Manipulations
contains DDB1, and that mutation of ddb1a enhances All general molecular biology and biochemistry techniques were
performed with standard methods [46]. Growth of Arabidopsis [47]the det1 phenotype. This and other studies have shown
and tobacco BY-2 cells [17] was according to standard protocols.that light results in many changes in gene expression
[43, 44], and we have shown that DET1 plays a significant
role in light-regulated gene expression. Results from
Microarray Analysis
other systems suggest a mechanism for this regulation. Both wild-type and det1 seedlings were grown in the dark for three
Berloco et al. [15] showed that the Drosophila DET1 days and then exposed to 200 	Em
2s
1 of white fluorescent light.
Plate media was 1 Murashige and Skoog medium (MS; Sigma),homolog, ABO, localizes to chromatin and is in fact
plus 0.8% phytagar with no sucrose added. Total RNA was preparedrequired for the negative regulation of the histone gene
from seedlings at 0, 30, 60, and 180 min after the beginning of thecluster. In the accompanying paper, Benvenuto et al.
light treatment. This RNA was then used to prepare probes for[45] show that tomato DET1 interacts with histones,
hybridization to Affymetrix GeneChip arrays according to the manu-
specifically the nonacetylated tail of H2B, both in vitro facturer’s instructions. The data were loaded into GeneSpring 4.1.1
and in vivo. Based on these results, we propose the and normalized to the 50th percentile. All data (including absent
call data) were included in the analysis. Normalization value wasfollowing model (Figure 6). DET1 and DDB1, in the form
restricted to a minimum of 0.0 in eight out of eight conditions (i.e.,of the DET1 complex, interact with chromatin via an
only genes with positive normalized values were used). The genesassociation with the nonacetylated H2B tail. We believe
were further restricted to those with a minimum raw data value ofthis interaction to negatively regulate transcription. In
100 in four out of eight conditions (this allows, for instance, a gene
response to developmental or environmental stimuli to be below 100 before induction but forces it to be at least 100
such as light, histone acetyltransferase (HAT) activity is after induction, or to be above 100 for all four conditions in either the
wild-type or det1 samples). Genes were considered to be induced byrecruited via an interaction with DDB1 [31], resulting
light if their expression was at least 3-fold higher than that in thein acetylation of the H2B tail and release of the DET1
dark-grown sample at two or more consecutive time points, thuscomplex, which triggers activation of gene expression.
requiring temporal replication of data. Genes were considered toDepending on the context of a given gene, either the
be repressed by light if their expression was 3-fold lower than that
repressive effect of DET1 complex binding or the activat- in the dark-grown sample at two or more consecutive time points.
ing effects of HAT recruitment may be more important. To confirm our dark-grown data, we compared those genes over-
Thus, the net effect of DET1 loss of function is gene- and underexpressed by at least 3-fold in dark-grown det1-1 in this
experiment and a completely independent analysis [48]. Despitespecific; it results in overexpression in some cases and
differences in experimental conditions (3 day versus 5 day, 0%underexpression in others. COP1 and COP9 are pro-
sucrose versus 1.5% sucrose), 377 genes behaved similarly in bothposed to act by limiting transcription factor availability;
experiments (i.e., were either overexpressed or underexpressed),DET1 may act by limiting promoter access. Obviously,
whereas only 13 genes behaved in the opposite manner (i.e., were
many aspects of this model remain to be tested, but overpressed in one case and underexpressed in the other); thus,
nonetheless it provides a framework for future experi- we believe the data presented here accurately reflect the status of
gene expression.ments.
DET1 and DDB1 Regulate Photomorphogenesis
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GFP-DET1 Fusion Protein Construction and Analysis gene-specific primers. Insertion sites were confirmed by sequencing.
The ddb1b allele has an insertion approximately 400 bp upstream ofThe DET1 cDNA (L33695) was cloned either N- or C-terminal to an
Arabidopsis-optimized GFP in binary vector pCHF3 as described the translation start site, whereas the ddb1a insertion is in the 5 splice
site of the tenth exon. The ddb1a det1 double mutant was generatedpreviously [49]. Mutations were introduced via site-directed muta-
genesis (Stratagene), and truncations were introduced via PCR am- from a cross of ddb1a to det1-1. DET1 and DDB1A are only about 10
cM apart on chromosome IV, so F2 progeny were screened first forplification of shortened versions of the protein. Wild-type Col-0
plants and det1-1 mutants were transformed via standard Agrobac- the det1 phenotype and then for the ddb1a allele by PCR. A single
double homozygote and 11 det1 ddb1a/ plants were obtained fromterium-mediated techniques [50]. We examined rescue in the T2
generation by plating seeds on 1MS, 2% sucrose, 50 	g/ml kana- about 400 total F2. The double homozygote was infertile, and the det1
ddb1a/ heterozygotes were only partially fertile, so approximatelymycin plates, incubating the seeds at 4C overnight, treating them
with light for 2–6 hr, and then incubating them in the dark for 5 200 “wild-type” (non-det) F2 were screened for ddb1a det1/ hetero-
zygotes by PCR for the ddb1a allele and a det1-1 CAPS marker.days. Ten seedlings/line were measured for hypocotyl length, and
cotyledon opening was inspected visually. Lines were scored for Eight ddb1a det1/ individuals were identified, and all eight segregate
rescue according to the following scheme: 1  hypocotyl length apparently wild-type to double mutant progeny in a 3:1 ratio. All analy-
not significantly different from det1-1 controls, open cotyledons; sis described was performed on these segregating progeny of ddb1a
2  intermediate hypocotyl length, open cotyledons; 3  hypocotyl det1/ plants. Anthocyanin and chlorophyll measurements were per-
length not significantly different from wild-type controls, open coty- formed on pooled populations as described in Chory [51] except that
ledons; 4  hypocotyl length not significantly different from wild- Arnon’s equations [52] were used to calculate chlorophyll, and two
type controls, intermediate cotyledons; 5  hypocotyl length not independent samples/genotype were analyzed.
significantly different from wild-type controls, closed cotyledons.
For GFP localization, three 3- to 4-day-old dark-grown seedlings Supplementary Material
from 2–3 transformed lines per construct were examined with an A supplementary table giving microarray data is available online at
FITC filter on an Olympus IX70 Microscope equipped with a 100W http://images.cellpress.com/supmat/supmatin.htm.
mercury lamp and Deltavision software. For protein analysis, ap-
proximately 0.5 g of tissue from 7-day-old light-grown seedlings Acknowledgments
was frozen in liquid nitrogen, ground in a mortar and pestle with 0.5
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